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FOREWORD

The tragic fire aboard the carrier USS Forrestal resulted in substantial loss in life and mate-
rial and put the ship out of commission for a long period of time. Subsequent investigation of the
incident indicated that the fire was started by the inadvertent ignition of an ordnance item which, in
turn, ignited aviation jet fuel. Early suppression of the fire was inhibited by the explosive behavior
of other ordnance items that were on aircraft parked on the deck near the scene and subjected to
fire from the burning jet fuel.

Actions resulting from the investigating commission suggested that an effort be made to
modify the behavior of ordnance items of missile systems to preclude explosive behavior and/or
extend the time to a reaction from the fire. Since then, a formal requirement has been imposed on
air-launched ordnance, namely, "Criteria for Test Procedures for Ordnance Exposed to an Aircraft
Fuel Fire," MIL.STD-1648(AS).

The Naval Weapons Center's Propulsion Systems Division, China Lake, California, has been
assigned the responsibility for developing and demonstrating techniques for meeting the requirements
of the specification for new missile systems and for supporting the Pacific Missile Test Center in the
development of retrofit concepts for in-service ordnance. The former responsibility requires that the
techniques should be suitable for incorporation into the basic design of new ordnance components.
This report is in support of the assigned responsibility.

Work on the subtask was accomplished during fiscal years 1982 and 1983. The subtask is in
partial fulfillment of the Advanced Development Task of the Naval Weapons Cookoff Program
sponsored by the Naval Air Systems Command under AIRTASK AO3P-03PA/054.C/lW0592.001. The
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INTRODUCTION

Methods and techniques are needed for predicting the time to cookoff
and the severity of the cookoff reaction of explosives for munition use.
Work documented in this report involves a small-scale cookoff fixture
(Figure 1) for studying the thermal behavior of explosives under confined
conditions. An earlier and larger version of this fixture called the
Small-Scale Cookoff Bomb (SCB) is described by Pakulak and Anderson.

1

There is a need for testing on a smaller scale, for those explosives which
can be scaled down. This allows a cost savings and a reduction in test

equipment and size of the test facility. The SCB uses about 600 grams
of explosive per test and can be heated at the same rate as a General Purpose
(GP) bomb in a fuel fire. The cookoff fixture described in this report
is a scaled-down version of the SCB called the Super Small-Scale Cookoff
Bomb (SSCB). The SSCB uses about 20 grams of explosive and can be heated
at the same rate as the SCB.

A method was developed to measure the thermal profile of the explo-
sive surface and predict time to cookoff from a set of kinetic parameters
on a given explosive1 and then develop an empirical relationship to the
severity of the cookoff reaction. This technique was used in a limited
manner in this report. The SSCB, like the SCB, can provide a means for
predicting the response of an ordnance item to a fast or slow cookoff
and, thereby, have an empirical relationship to the severity of cookoff
reaction between a laboratory level explosive sample and the same explo-
sive in an ordnance item during a field test.

TEST EQUIPMENT DESCRIPTION

PROTOTYPE TEST FIXTURE

The SSCB fixture used in this series consisted of a 3-inch-long
steel pipe (0.9-inch ID, 1.25-inch OD) welded at one end to a 0.375-
inch-thick steel plate (5-inch diameter). The tube had a slot on the

1 Naval Weapons Center. NIC Standard Methods for Determining Thermal

Properties for Propellants and Explosives, by Jack M. Pakulak, Jr. and
Carl M. Anderson. China Lake, Calif., NWC, March 1.980. 42 pp. (NWC TP
6118, publication UNCLASSIFIED.)
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inside wall (0.0625-inch wide, 0.051-inch deep) for the insertion
of a thermocouple. The top steel plate was also 0.375-inch thick
and 5 inches in diameter with a center hole for pressure or addi-

! !tional temperature readings. An off center hole was drilled in
this top plate for the placement of the thermocouple; the top and
bottom plates were bolted together with four bolts. Two steel
tubes (1.25-inch long, 0.6-inch ID, and 0.8-inch OD) housed the explo-
sive which was either cast or pressed into them. An aluminum sleeve
was located between the inner tubes and the outer steel tube (Figure 2).
This aluminum sleeve acted as a heat sink to even out the heat delivered
to the explosive sample. Two 125-watt electric heaters were fastened to
the outside of the steel tube as shown in Figures 1 and 3.

This test fixture can be used for both fast and slow cookoff tests
by varying the amount of line voltage applied. For fast cookoff, 208
VAC are required and 110 VAC are needed for the slow cookoff. The
heating rates are non-linear as would be found in the actual cookoff
environment.

TEST METHOD

The fixture has a thermocouple between the aluminum sleeve and
the SSCB body, but does not have a thermocouple at the explosive
interface to the steel tube. In order to get an approximate value of
this interface temperature, two sand-filled SSCBs were tested, one at
a line voltage of 110 VAC and one at 208 VAC to give a "slow" and a
"fast" heating rate. The inert test was made with a thermocouple
welded to the inside surface of the sample tube. A plot of the
temperature time data at each heating rate is shown in Figures 5 and
6. The slower heating rate data showed an almost constant temperature
difference of 22-23C between the inner and outer steel tubes. At the
higher heating rate, the temperature difference was about 82-84*C.
The heating rates are non-linear just as a bomb or warhead in a fuel
fire is heated non-linearly. The calibration data can be used to
determine the approximate surface temperature of the explosive.

A series of tests was then made to calibrate this fixture in
regard to severity of the cookoff reaction. Table 1 presents data
gathered from sixteen tests conducted at the 65B Test Facility at the
Thermal Research Laboratory, NAVWPNCEN. These tests are numbered
non-sequentially because they represent the number of the test being

4

• W



NWC TP 6414

performed at the facility, not the number of the SSCB calibration test
in this particular study. Tests were performed with decreasing
percentages of RDX in the explosives. Samples of explosives used in
these calibration tests were formulated from standard explosive
mixtures of RDX, TATB and a wax, in varying amounts of each
ingredient. The composition of each formulation is given in Table 1.

The explosive samples used in this calibration test varied in RDX
level from 96% to 20% by weight, in TATB level from 0% to 75%, and
maintained a constant wax level of 4 to 5%. The only formulation that
did not detonate or have a violent explosion was the 20/75/5
(RDX/TATB/wax) composition. The results are summarized for each
formulation in Table 1. There were six separate formulations studied
in this series of calibration tests. There were differences in
cookoff reactions between each set of formulations and also differ-
ences between the low and high heating rates. Like an actual munition
in a fire, the SSCB did not have linear heating rates. The low
heating rate was about 0.1C0 /second and the high heating rate was

Sabout l°C/second. These rates are similar to those of munition

boosters in fuel fires. The low heating rate is similar to a
thermally-protected munition which can cook off in a time period from
about 8 to 20 minutes. The non-thermally-protected munitions usually
will cook off in 5 to 15 minutes. The cookoff time will vary with
test conditions and the type of explosive used in the munition and,
also, in the case of the thermally-protected munitions, with the
effectiveness of the thermal coating on the munition case.

The effect of the explosive composition on the cookoff reaction is
described below.

CALIBRATION TESTS

Figures 7 through 22 show the damage to the witness plates and
the fragmentation resulting from each of the tests. The first
composition lifted in Table 1 is 96/0/4 (RDX/TATB/wax), a booster
explosive called CH-6. This explosive is known to detonate on cookoff
when used as a booster in a munition. Although each sample tested had
a diameter of only 0.6 inch, the CH-6 in Test #10 left a 1.5-inch hole
in the witness plate. Figure 7 is a photo of the post test results.
The CH-6 did detonate in this test and the cookoff time was 932
seconds or about 15.5 minutes. This time frame for cookiff of a
booster in a munition has been observed before. The munition itself
tends to thermally protect the booster from the heat -)f the fuel fire,
thereby increasing the time to cookoff.

5
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The remainder of the explosives used in this calibration test
were supplied by the Naval Surface Weapons Center, Code RII, Silver
Spring, MD. The 85/10/5 (RDX/TATB/wax) composition was called
PBXW-7, Mod A by the supplier. The results of Test #8 with this
composition are shown in Figure 8. The sample detonated leaving a
very ragged hole of about 0.5 inch in diameter. The next test, #15,
also detonated leaving a less ragged hole than in Test #8, but a
little larger at about I inch in diameter. The two tests (#8 and #15)

; iused the low heat rate.

The next sample (Test #22) was heated at the high rate. Although
no hole was punched in the wtness plate of Test #22, the plate was
bent about 0.2 inch and had a plate dent of another 0.4 inch (Figure
10). This reaction was listed as a violent explosion, since no hole
was punched. According to Reference NOLTL 74-40, to indicate a
detonation in the large scale gap test, the hole punched in the
witness plate must be neat. The pressure needed to punch a neat hole
in a witness plate (3/8-inch thickness) is about 75 kBar for the
average voidless propellant or explosive. Although not measured, the
pressure output from the above tests, even the dent (Test #22), would

have initiated most main charge explosives.

The next series of tests, with the 70/25/5 (PBXW-7, Mod B)
composition, resulted in holes punched in all the witness plates, two
with ragged holes of about one inch and one (Test #23) with a neat
hole of 1.4 inch (Figures 11, 12 and 13). Test #23 was very similar
to Test #10 with the neat hole made by the CH-6. Again, any of the
PBXW-7, Mod B compositions would have initiated a main charge
explosion in a munition.

The next series of tests used the 45/50/5 composition (PBXW-7,
Mod C). This composition at the low heating rate punched the w.tness
plates with holes of 0.8-inch and 1.1-inch diameters. The test at the
high heating rate produced a plate dent very similar to that of Test
#22 which was also tested at the high heating rate. The results for
testing with this composition are shown in Figures 14, 15 and 16.

The next composition, 35/60/5 (PBXW-7, Mod D), is the standard
formulation for the booster explosive, PBXW-7. At the low heating
rate, there was one detonation with a slightly ragged hole of one inch
in diameter. The other two tests produced violent explosions with
plate dents. The plate dent, produced under the low heating rate had
about twice the depth of the dent formed at the high heating rate
(Figures 17, 18 and 19). This composition in Tests #13, 18 and 25
could have Initiated a main charge explosive (i.e., H-6).

The last composition to be tested, 20/75/5 (PBXh.-7, Mod E), had
very mild cookoff reactions. The two tests at the slow heating rate
were listed as mild deflagrations and the test at the high heating

9. 6
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[ rate was listed as a burning reaction. The results are shown in
Figures 20, 21 and 22.

TEST ANALYSIS

This portion of the study deals with predicting the time to
cookoff using laboratory data on an explosive and determining the peak
temperature at a given heating rate. The two explosives used in this
calibration were RDX and TATB. A plot of the DSC thermal pattern data
on these two explosives is shown in Figure 23. A DTA/TGA/DTG thermal
pattern is shown in Figure 24 for general reference in the thermal
documentation of PBXW-7, Mod D. The DSC data indicate a peak thermal

temperature of about 230*C (0.1C/second) to about 26000 (1C/second)
for the RDX explosive. The DTA/DTG peaks are at about 223'0
(3C/minutc) for the RDX portion of the thermal pattern in Figure 23.
The TATB portion of the thermal pattern shows two exothermic peaks,
one at about 356C and another at about 36500. The DSC pattern on
TATB (in PBXW-7, Mod D) also indicates two exothermic peaks which
range In temperature from 3670 to 3860 C. The data in Table 1 show an
explosive surface temperature range from about 20800 (RDX-rich) to
about 25500 (TATB-rich). These data would indicate that in all of
these tests, the RDX portion of the composition controlled the time to
cookoff. Typical thermal patterns (tube temperature vs time, Figure
3) on Tests #8, 13, 22, and 25 are shown in Figures 25, 26, 27, and
28.

CONCLUSIONS

The SSCB test fixture presents a technique that can be used to
empirically predict the time to cookoff and the severity of the
cookoff reaction for a given explosive. The booster explosive CH-6
detonates in the SCB test fixture at about 600 grams, in the SSCB
without the metal inserts at about 60 grams, and in the SSCB with the
metal inserts at about 20 grams. This indicates that the technique is
scaleable with at least the CH-6 explosive. The technique can be
applied to other explosives that have a critical diameter less than
0.6 inch, as the "thermal run-up distance" appears to be about 0.1
inch, from examination of the witness plates.

Examination of the test fixture after completion of tests showed
that when a cookoff reaction was a mild explosion, the thermocouple
slot in the outer housing became a weak spot. The weak spot was
eliminated with modification of the SSCB.

7
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With the completion of the calibration series of tests with the
SSCB, the need for modifications was apparent. The modified design
eliminates the slot on the inside wall for the thermocouple. This
slot presented a weak spot in the case of a mild explosion and has
been relocated in the aluminum sleeve. Other minor design changes
were made to facilitate the ease of manufacture and assembly.

The outer housing tube is still 3 inches long but now the ID is
1.112 inches and the OD is 1.3125 inches. The top and bottom plate
diameter has been reduced to 3.5 inches. Also, the two 1.25-inch-long
explosive housing cylinders now have IDs of 0.625 inch and ODs of
0.875 inch (Figure 4).

The apparent cookoff temperature of the explosive can indicate

which explosive is controlling the cookoff time from the DSC and

DTA/TGA/DTG thermal pattern data generated in the laboratory.

Some explosives will not scale down because of the small diameter
of the SSCB, which may be below the critical diameter of the explosive
to maintain a steady-state detonation. The new Air Force explosive,
EAK, for example, falls into this category. The SCB must be used to
test this explosive. For most explosives, however, the SSCB is
applicable, and thus has a wide application at greatly reduced cost

and test requirements.

8
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FIGURE 1. SSCB Test Fixture. (Neg. LHL 222474)
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THERMOCOUPLE

ALUMINUM THERMAL SLEEVE

STEEL EXPLOSIVE HOUSING TUBE (2)

2-125 WATT
HEATERS

WITNESS PLATE 12) 3/S-INCH-THICK, 5-INCH DIAMETER

SSCB TEST FIXTURE] FIGURE 3. Prototype SSCB.
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APPENDIX B

MODIFIED SSCB DRAWING PACKAGE

43



NWC TP 6414

w
C4 u

8

.5o

4

0

C4 0

'-I

w a)

C44

08 8

0 + 0
LnF

. ......

441



NWC TP 6414

(V J

I< z
a D

U, 0

CC-

45z



NWC TP 6414

TT

.4 1

I + 46



NWC TP 6414

I-

li

En

0,

0

47



NWC TP 6414

II

+11

iir

xw

Ic d1

Kb 48



NWC TP 6414

' APPENDIX C

MODIFIED SSCB ASSEMBLY PROCEDURE

I



NWC TP 6414

w4 .0 X0. -

0 -r "043 :)., U
0, 0.- FA -i4..c4 H

r-.1 m3 00 0 3-I w 4

U. W3 04 0 w w m 0 .0b4
w -0 ". l04 "4.J0 (0i ~ .) r44

to 0.3 A.

vi

541 C14 ci

41 to
0 4 E444r

U (4N wt
0 i

43o - aco -4 r 1A
Ai4 k D4J e _ b

441 to0cct 4(01 3 4J z
0'J fi0w34 01 C

V o t 4.4 w -e1.N - 4.4J1
0~w~ w:w

W.41 4 c3i..44 U :1- 00
0 1 V 0.41 4 c V. ~4

0 r 4i 0 W 43 44J..l(4. C4
Ai d) 0 (44. 0. r.. V 41 0-4

Dt .0C L.4J4 i4W0 0.0H
0 A I4 M ~ -4 0 . L 4 4

430 H 0 "a~ 01. 4343J 4.431. 4)
(49 CN b u 0 cc '4. o. 143a ~44

03 m 4 U. 0 0r =0.4a1 B4J 0 bO C
4J~ 0 s w 4.H1 14 1.4 0 U4 4 a5-4E

60I 04 40 04 to43 5~ A((A4435.5 0

50 ( 4J. - 50() C 4 4J4 5U 4 C.
S.0 0 W 4 =~4. LfJ (4 V41 . 0-

.4 43 .0 0 '40 0W 4 4 4- 4 - = 'l.
0)0.r - V. x 4J45 . 0 0 4

U ) 0 04 44 CI M H&Jw U)4
00 0U 0W 4( 1.4 0- r.= 4 -

&J ~O~. 43 (-4 04.40
0 41.4.435.0 0''

430 C4-~ . 5 U 3.

(4.4 4... (5 U~i14U 1.S.so.



NWC TP 6414

H0

0 .w00. 0 54.

0 V w0 t~~0 0)-4 ..

0 1.' 0 H
o ww W -4 04

4d~i wo .oo.
0 -H C0.

0 0.0 ca~ 00.
0 30 01 r- .

41 U

V0 u 0 4
w v 0.0. 4 0 0$

.0 EI . 1
m >1 to

1. frS 00

00; w0U* *0) u
0o w*4. 00-0

N -4 03 4 1 0 .

co 0. "1 -. 0 ... '-i 9 ) 0
w.4 4. . 041 0 0 .1 4 W .04-

E-4 .1 0 0-404)"

w 0 4) w 14 0.

cn 0) > 0)0
CA3 0 0w 0 w00:933 1

v)10 w4 u w40" 0 0 0 0 4J

00 0w0.0w 0 w40 .-. &41 to 14 -I
0 w.10.4q4 004" 0. w 0 '-H

'04> to0 2-01 w 0 0 :.j. -H0t
0) r*4~44 0 '1 409~. W 00)

00 rJ-.4 El 0 c 0 0 :3-I '0 4 0 co 4

M'- X 4.0 - 4430x4- 0. 030 .014 vi00
.0 to4-4 0v u -H to 0 El. 00 t.v) 00

4.34 A (A3.0 004.0 EJ 0 10 rz w w

0 04 w -4 wt 0 0 w 404 w0 (

0- c.4. 0. "0 0 C: 0 03.40 0 0) 2.40 H
1-4it 4O'J0303. 1.0 003 000 = )0) 0

m0 0.0 00 0031. 40 040 = 0. " .0. u )
o 0 0 41( w 0) 93'-":9 A >- 2-I C: "
. )4 o 0 -4 .4 f0.w 34.2*a. '4. 0L 04 0 *4-' .-4) 4 r 1

03 to 0.140d C-'.04 0r 0.0 4 I) 'A
0)1 4J 0 1 -14J0o)1i0 0 Cu .0 03 4.t 0 0) 00

C.00 c 9 0 -,.3 4J 4J 0 030 041 V) . l.40 40 F ) 00
4.30 w 4j. (1) -,T &J W 0 0 a V 34 r ~ -400 3-

0) 4) 03 --4 co. 00 3. 0) )0.w14-4.100 04.,- 0
0a. t0 w 0 >-I -H.4. 04.3 0 4) . , .4.. . 4. 4 0

1.A3 03 v. 4-I 0Q30 -H4440-G 41 *
00. 0. w00 = -w w 0 0. 0 0 0 C)C04 .0

V r.4 0 H H41 '141 'C W-4 41w4)0 0 41.-4.3 0
Ai.- 4J-3 '0).0 = 3 .0 . C w V c. C .0 P.4 0 '-4-0

44 0.3 .b 0 ) . 1 - 1 4I.) m 41 -H! w . 0 4 ) 4 9J to0 04
*40 'A1 00-- 003 -4to. 0 .-4 41 14 w== 4RIc w 0 0

IV0 .000 w 0. 9 'ua-4 1300 4) to " 0) Li0. Ai 4)00 C43.0
0-. ~ 40 L ) 4 03003 C.3 -4 C: U.00:0 S: r14a30 (L

0) in001 0)0 0.- 0 H to0 d 0A0 4: 04 C444
4.01~0 )0-3) ) 00.0 0

000( 44I 0.0 0.41 0
00t30.0 0- 0-000 400)-k



NWC TP 6414

-0

cc (4 4 0 -4 c0
cc4 0 U) 0

43

4j 4
r4-

0L r. 0
00

ZC 0

44)

4 4 -4

0 wO( 0.-
0o (4CoCD

004w
-4 V ' 4V.

434.

o w4 C4
10 r. u 04

(3 44 w4i -
04 M436

434 $4 "q4$
.(4 0 IV w.0

44 . .4

1.4 43C0

Op. 0 o: 0 0.52

W. 44



NWC TP 6414

I

THERMOCOUPLE
ITEM NO. 8 ALUMINUM THERMAL SLEEVE' ITEM NO.

HOLE "A" / ITEM NO. 6 (PIPE PLUG)

ITEM NO. 5 (TOP WITNESS PLATE) STEEL EXPLOSIVE HOUSING TUBE (2)

14) BOLTS

~ITEM NO. 7

2-125 WATT

HEATERS ITEM NO. 2

)EPLSIVE -

ITEM NO.4

OUTER

STEEL HOUSING
STANDOFF

WASHER
ITEM NO. 9

WITNESS PLATE (2) 3/8-INCH-THICK, 3-INCH DIAMETER
ITEM NO. 1 (BOTTOM WITNESS PLATE)

FIGURE C-i. SSCB Test Fixture Sketch No. 1.
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NOMENCLATURE

CII-6 RDX-Calcium Stearate-Graphite-Polyisobutylene
DSC Differential Scanning Calorimetry
DTA Differential Thermal Analyzer
DTG Derivative Therinogravimetry
EAK Ethylene Diamine Dinitrate/Ammonium Nitrate/Potassium

Nitrate
H1-6 RDX-Trinitrotoutlene/Aluminum/ Wax

PBW-7 Plastic Bonded Explosive-White Oak
RDX Cyclodimethylenetrinitraiine
SOB Small-Scale Cookoff Bomb

~ SSCB Super Small-Scale Cookoff Bomb
TATB 2,4, 6-Triamino-1 ,3, 5-Trinitro Benzene
TGA Thermogravimetric Analyzer

I~ajo ~a INA~ u
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